Objective This nonrandomized trial evaluated whether classroom-based training in a smartphonebased virtual reality (VR) pedestrian environment (a) teaches schoolchildren to cross streets safely, and (b) increases their self-efficacy for street-crossing. Methods Fifty-six children, aged 8-10 years, attending primary school in Changsha, China participated. Baseline pedestrian safety assessment occurred in the VR environment and through unobtrusive observation of a subsample crossing a street for 11 days outside school. Self-efficacy was assessed through both self-report and observation. Following baseline, children engaged in the VR for 12 days in their classrooms, honing complex cognitiveperceptual skills required to engage safely in traffic. Follow-up assessment replicated baseline. Results Probability of crash in the VR decreased posttraining (0.40 vs. 0.09), and observational data found the odds of looking at oncoming traffic while crossing the first lane of traffic increased (odds ratio [OR] ¼ 2.4). Self-efficacy increases occurred in self-report (proportional OR ¼ 4.7 crossing busy streets) and observation of following crossing-guard signals (OR ¼ 0.2, first lane). Conclusions Pedestrian safety training via smartphone-based VR provides children the repeated practice needed to learn the complex skills required to cross streets safely, and also helps them improve self-efficacy to cross streets. Given rapid motorization and global smartphone penetration, plus epidemiological findings that about 75,000 children die annually worldwide in pedestrian crashes, smartphone-based VR could supplement existing policy and prevention efforts to improve global child pedestrian safety.
(e.g., look left-right-left; Duperrex, Bunn, & Roberts, 2002; Schwebel, Davis, & O'Neal, 2012) , but empirical evidence suggests such interventions are not effective to increase safe behaviors among children (Schwebel, Barton et al., 2014) .
Available evidence in relatively simple traffic situations suggests normally developing children learn the cognitive-perceptual skills needed to engage safely in traffic between the ages of 8 and 14 years (O'Neal et al., 2017) , and previous research suggests the learning of those skills can be accelerated through repeated practice in the complex task to be learned, with feedback offered on the safety of each practice crossing (Schwebel, Shen, & McClure, 2016; Thomson, 2016) . This repeated practice, sometimes labeled "domainspecific learning," has been endorsed by educational theorists dating to John Dewey (1938 Dewey ( /1979 . As children develop the requisite cognitive skills, they also develop self-efficacy to accomplish street-crossing tasks safely, an important component of health behavior change. Increased self-efficacy is evidenced through self-perceived confidence to overcome barriers and accompanying behavioral change that enables the individual to succeed in health-related tasks (Bandura, 1982 (Bandura, , 1997 .
Individualized one-on-one streetside training with a skilled pedestrian accomplishes these dual goals of improved cognitive skill and increased self-efficacy to cross streets, as does training in virtual reality (VR; McComas, MacKay, & Pivik, 2002; Schwebel, Combs, et al., 2016; Schwebel, McClure, & Severson, 2014) . Previous research using VR, for example, offered children six 30-min sessions of training in a semi-immersive pedestrian VR and found that children's safety improved in comparison with control groups with no training and with traditional training using videotapes and websites (Schwebel, McClure, et al., 2014) .
Both child pedestrian safety training with individual instructors and in VR have limitations, however. Individualized one-on-one streetside training requires substantial labor, and existing VR arrangements are expensive and nonportable. To be effective on a large scale globally, child pedestrian safety training must be transitioned to a portable, labor-efficient, and costefficient platform. As technical capacity to deliver VR via smartphones improves, and smartphone technology rapidly penetrates the world, the potential to distribute VR pedestrian safety training via smartphone provides an intriguing opportunity to solve public health challenges (Schwebel, Severson, & He, 2017 ). The present research tested the feasibility and effectiveness of using smartphone-based VR to train children in pedestrian safety.
We selected China as our research location. China has a population of $317 million children aged <20 years, 12.7% of the world's population of children. Injury is the leading cause of death among Chinese children, surpassing infectious, nutritional, and chronic disease combined (Linnan, 2010) , and GBD 2015 estimates suggest 11,630 Chinese child pedestrians are killed annually (Causes of Death Visualization, 2017) . Further, like most low-and middle-income countries (LMICs), China has busy and chaotic traffic, especially recently given rapid motorization and increasing conflicts between vehicles and vulnerable road-users (Hu, Baker, & Baker, 2011; Huang et al., 2013; Ma, Hu, Li, & Zhou, 2013; Schwebel, 2017) .
We recruited 4th graders in an urban Chinese school to participate in a pre-post study. Children's pedestrian skills and self-efficacy about pedestrian behavior were assessed using multiple methods both at baseline and following 12 training sessions of crossing a virtual street delivered by smartphone. The children's perceptions about the VR system were also collected at follow-up. We tested two primary hypotheses: (a) children's pedestrian safety would improve following training in the smartphone-based VR system, as assessed both by change in behavior in simulations and in real-world street-crossings near their school; and (b) children's self-efficacy to cross the street safely would improve following training, as assessed both by self-report and by observations in real-world street-crossings. As a secondary topic of interest, we also examined children's impressions about the educational and entertainment value of the smartphone-based VR system.
Methods
All students in the 4th grade classroom of an urban primary school in Changsha, China were invited to participate. The school was selected following research team site visits to over a dozen schools and was based on a combination of traffic logistics (unsignalized crosswalk outside the school gate, easing observational data collection), student transportation patterns (many children walked to the school, increasing vulnerability and also facilitating observational data collection), location (convenient to university researchers), and opportunity (school administrators were willing to collaborate with the research). The participating 4th grade classroom included 57 students, and 56 (98%) families agreed to participate. The declining parent cited concern over negative effects on his/her child's eyesight from using the VR program. All parents of consenting participants provided signed informed consent through paperwork sent to their home and children provided developmentally appropriate written assent in their classroom. Both parents and children were given opportunity to ask questions of researchers before providing consent/ assent, and children were given opportunity to ask questions of their parents before providing assent. The sample size was sufficient based on a priori power analyses. The study protocol was approved by institutional review boards at both University of Alabama at Birmingham, USA and Central South University, China.
General Protocol
Following consenting, parents completed a brief written survey addressing family demographics and children's pedestrian behaviors. This survey was completed without researcher supervision, typically at the participants' home. As detailed below, children completed in their classroom a short written survey on demographics, pedestrian behavior, and their impressions about pedestrian safety.
Following survey completion, we initiated unobtrusive recording of children crossing the street at a marked crosswalk outside the school-gate entrance. Video recording continued before and after school for 11 school days (September 8-23, 2016) . After the 11th day, children completed baseline assessments in the VR pedestrian environment, followed by 12 school days of classroom-based pedestrian safety training in the VR (September 26, 2016 to October 17, 2016 ; school holiday intervening), and then postintervention assessments that included both VR assessment and survey completion. Finally, we unobtrusively observed children crossing the street outside school for 10 more school days (October 19, 2016 to November 1, 2016 . All protocol components are detailed below.
Parent Survey
Parents completed a brief survey providing family demographics and information on how children typically commuted between their home and school. Items were adapted to the Chinese environment from previous U.S.-based surveys (Schwebel, McClure, et al., 2014) and judged to be face valid by multiple experts on the research team.
Child Survey
Children completed a brief survey composed of several parts. Some information was also reported by parents (demographics) or not directly relevant to current hypotheses (e.g., knowledge about pedestrian rules), but children's responses to items assessing their perceptions about their personal pedestrian safety were relevant. The items, which assessed children's self-efficacy and confidence in crossing streets, were adapted from previous research on injury risk in China (Shen et al., 2013a (Shen et al., , b, 2014 and pedestrian safety in the United States (Schwebel, McClure et al., 2014) and were judged to be face valid for the Chinese pedestrian environment by multiple experts on the research team. The items, which were analyzed individually, appear in Table 2 .
Observational Videotaped Behavior
For 11 days before the intervention and 10 days afterward, we unobtrusively videotaped children crossing the street to and from school. For ethical reasons, children were informed about the videotaping during the informed assent process. Cameras with wide-angle lenses were situated on the opposite side of the street from where children were crossing (i.e., at the school gate in the morning as children crossed to school and on the opposite side in the afternoon when children departed). Participants wore brightly colored T-shirts and buttons with numbers to aid identification. To cope with the possibility of children failing to wear the T-shirts/buttons or occlusion by other pedestrians or vehicles, photographs of all children were compared with videotapes, and a researcher familiar with children in the participating classroom reviewed the tapes and to help identify participating children. No children were identified as failing to wear either the T-shirt or the button, but pedestrians with occluded numbers were identified and included in the analysis.
Coders reviewed videotapes to rate participating children's crossings on the following characteristics: (a) looking toward oncoming traffic in each lane, (b) following adult direction to cross versus making the decision independently, and (c) contact made with an oncoming vehicle. The crosswalk in front of the school spanned three lanes of traffic, and like most Chinese roadways it represented a rather chaotic and busy traffic environment. For this reason, and because many adults and children crossed one lane at the time, stopping between lanes partway across the street, behavior in each lane was coded separately. The two lanes closest to the school carried one-way vehicular traffic. The lane farthest from the school permitted buses to travel in one direction and electric bicycles and other twowheeled vehicles to travel bidirectionally. A volunteer crossing guard was always present during before-and after-school hours, and a uniformed police officer was often present. Both adults served in supportive roles but were sometimes distracted and did not help all children cross nor did they consistently stop traffic from moving.
Coding, conducted by two independent raters (undergraduate and graduate students trained in psychology/public health and prepared for this task by experienced coders) on 15% of the sample, was reliable (j > 0.93 on all variables). Following establishment of reliability, differences were resolved through discussion and the remaining sample was coded by a single rater.
VR Pedestrian Environment: Technical Specifications
We developed the VR system architecture based on needs for the experimental design. A multidisciplinary professional team at Digital Artefacts, LLC, created the software, including the virtual environment. Children viewed the VR environment using a Xiaomi Redmi Note 3 smartphone, running on Android 5.1 Lollipop operating system, with 2 GB RAM, 16 GB internal memory capacity, Qualcomm MSM8956 Snapdragon 650 chipset with Hexa-core CPU, Adreno 510 GPU, and a 5.5" diagonal LCD display with 1,920 Â 1,080 pixels. It was inserted into a Viewmaster VR stereo viewer, a commercially available plastic holder fitted with lenses and a lever for user input. Children were seated while using the smartphone-based VR to avoid unintentional slips while immersed. Ambient background and Doppleraccurate traffic noise were delivered by the smartphone.
The VR system used a software library based on the Unity 3D game engine by Unity Technologies and GoogleVR technology to deliver a real-time stereo virtual environment (see Online Supplemental Figure S1 for photo of children using the VR and Online Supplemental Figure S2 for screenshot within the VR). The environment was created based on street photos and video records collected during rush hour at the simulated site; it replicated the three-lane crosswalk on the street in front of the children's school.
VR Pedestrian Environment: User Experience
Children crossed a three-lane street that simulated the crosswalk in front of their school. Replicating the real world, the first lane included bidirectional electric bike traffic and was divided, for analysis purposes, into two sublanes (electric bikes traveling left to right and then electric bikes traveling right to left). Also replicating the actual environment, the last two lanes were unidirectional (right to left) and carried car, bus, and truck traffic, all of which was simulated. Traffic moved at constant speeds of 10, 12.5, or 15 miles/hr (MPH, equivalent to 16, 20, and 24 km/hr, respectively; cars/buses/trucks) and 10, 15, or 17.5 MPH (16, 24, and 28 km/hr; electric bikes) for "easy," "moderate," and "hard" levels. The average bumperto-bumper distance between vehicles in car lanes was 15 m, while the average distance between electric bikes in electric bike lanes was 12 m. Simulating realworld behavior, vehicles gradually slowed to 40% of full speed as they approached a pedestrian in the crosswalk and returned to full speed after they passed the crosswalk.
At the start of each VR session, children were immersed into the simulated environment and stood on the sidewalk, with traffic moving in front of them.
They could move their head left and right to see traffic in both directions. The realistic urban street environment, including the gated entrance to the children's school and multiple storefronts with strolling pedestrians on the sidewalk, plus both ambient and traffic sounds, was simulated. When children felt it safe to enter the road, they pushed a lever on the side of the Viewmaster and proceeded to walk forward, still immersed into the environment. A second lever-push allowed children to stop. Simulating the behavior of most adults and many children crossing Chinese streets, this feature enabled children to stop and go between traffic lanes, waiting for safe gaps to cross the next lane.
On crossing safely, children received a brief written congratulatory note. A cautionary written note was offered for "close calls," defined as situations where the child crossed without a collision but was within 1 s of being struck by a vehicle. In the case of a collision, the screen froze and a warning, "You were hit!" (" !") was displayed. Logistically, researchers introduced to the children how to use the smartphone-based VR devices, and then children practiced for 5 min to orient themselves to usage (baseline visit only). Following the orientation crossings, four sets of baseline assessment were conducted, each with up to 12 crossings or 4 min of crossing (whichever occurred first); the sets were performed at the easy, moderate, hard and moderate levels successively. The same protocol was used at follow-up assessment. Because the protocol confused some children, especially at baseline, difficulty level was controlled in all analyses (specifically, children were excited to try the VR for the first time and misunderstood the researcher's instructions about which difficulty levels to attempt in which order). A 5-min rest occurred between each set. All children engaged in the VR simultaneously inside their school classroom, each with their own smartphone and Viewmaster system. Difficulty level during training sessions was programmed to become successively harder as children learned, with difficulty level beginning at "easy" and increasing when children completed 90% of crossings successfully with a minimum of three crossings. This ensured children completed each crossing successfully in a reasonably efficient time before advancing to more challenging traffic. Replicating the baseline assessment, each training session comprised four sets of street-crossing, with each set lasting 4 min or 12 crosses, whichever occurred first. Children were given a "rest" between sets of crossing. All children engaged in the training simultaneously in their classroom setting. Teachers and researchers supervised, but most instructions were provided by the VR program itself.
Evaluation of the Simulation During postintervention assessment, children answered several questions concerning their impression of the VR, including their engagement with it and their perceived learning.
Pedestrian Behavior Outcomes
We considered five pedestrian behavior outcomes in the VR: collisions, unsafe crossings, time to contact (TTC), start delay, and stops in roadway. Each outcome was recorded during the full crossing of all lanes as well as within each of the four "lanes" of traffic (electric bike Lanes 1 and 2, vehicle Lanes 3 and 4; see Figure 1 ).
Collisions
Collisions were instances when the pedestrian avatar was struck by a vehicle while crossing, computed as a proportion of crossings made.
Unsafe Crossings
Unsafe crossings were instances when the pedestrian avatar was struck by a vehicle, or was within 1 s of being struck, while crossing. These situations incorporated collisions, therefore, but were broadened to include highly risky crossings ("close calls") also. Unsafe crossings were computed as a proportion of crossings made.
Time to Contact TTC refers to the shortest distance (in seconds) between the avatar and an oncoming vehicle during the crossing.
Start Delay
Start delay refers to the temporal gap between a vehicle passing the lane and a pedestrian entering the lane. It has previously been described as a proxy of cognitive processing time (Barton, 2006; Plumert, Kearney, & Cremer, 2004) because older/more sophisticated pedestrians tend to enter safe traffic gaps more efficiently when they appear.
Stops in Roadway
Assessed only for the full crossing (not per lane), this variable represents a count of the number of times children stopped mid-crossing, between lanes, while crossing the virtual street.
Data Analysis
We first summarized sample demographics. Next, primary analyses examined baseline pedestrian perceptions and safety and compared those scores with postintervention levels. Consistent with our study hypotheses, we conducted those analyses with three sets of outcome data: (a) children's self-efficacy about pedestrian safety, (b) children's behavior in the VR, and (c) children's behavior on the actual street environment outside school. Self-report self-efficacy scores were ordinal, so they were summarized using 2-by-N tables where N is the number of choices for that question and then analyzed using repeated ordinal logistic regressions to evaluate intervention effects. Outcomes collected from the VR were considered descriptively, and then generalized linear mixed models conducted to evaluate the intervention effects, controlling for difficulty level of the trials. Behavior on the actual street was coded into dichotomous variables. Following descriptive consideration, a generalized estimating equation (GEE) approach with robust sandwich standard error estimator was used to evaluate intervention effects, taking multiple observations of the same child into account. The last step of our analysis was descriptive consideration of children's impressions about the VR training.
All statistical assumptions were met and all analyses were conducted using SAS 9.4 (Cary, NC). One missing baseline measure for the VR behavior was handled by the full information maximum likelihood approach in generalized linear mixed models. Only children captured crossing the street were analyzed for their behavior on the actual street environment outside the school (25 children at baseline, 24 postintervention).
Results
Table I presents descriptive data, including the children's typical school commuting habits. Participating children had a mean age of 9.3 years (SD ¼ 0.3; range ¼ 8.3-10.1), were 89.3% of Han Chinese ethnicity, and 55.4% male. Children tended to live in financially comfortable households with educated parents. Over 29% of the sample (29.1%) reported that they walked between home and school regularly, and another 18.2% rode a public bus, which required walking to and from the bus stop and school. Children lived a mean of 4.2 km from the school (SD ¼ 3.2). A majority (68%) of the sample reported previous lessons on street-crossing from some source, and two children (4%) reported being struck by a vehicle while crossing the street as a pedestrian in the past 3 months.
Fifty-three of the 56 children (95%) completed all 12 days of VR training. The remaining three children completed 11 days of VR training, missing one each because of school absences. Primary analyses were organized into three sets, each composed of an examination of baseline levels and then comparisons between outcomes at baseline and postintervention. All 56 participating children completed surveys at baseline and postintervention. One child missed the baseline VR assessment.
We first considered children's self-efficacy about their pedestrian safety. As shown in Table II , several significant changes emerged. Children generally perceived themselves as significantly safer and more skilled pedestrians following the training compared with baseline. As examples, the percent of children who reported they felt safe crossing busy streets in Changsha increased from 3.6 to 19.6% and the percent who felt safe crossing small streets increased from 44.6 to 58.9% (N ¼ 56).
Next, we considered children's pedestrian safety as assessed in the VR. As shown in Table III and Online Supplemental Figure S3 , children were significantly safer following training. The overall probably of being hit by a vehicle decreased from 40 to 9% (Cohen's d ¼ 2.44; N ¼ 55 at baseline and N ¼ 56 postintervention); unsafe crossings and TTC showed similar decreases, as did risk within each of the four lanes. We also observed a decrease in stopping in the roadway mid-crossing and more efficient decision-making, as evidenced by reductions in start delays, especially in the earlier lanes of crossing.
The third outcome of interest was children's actual behavior on the street environment in front of their school. We captured 25 children crossing the street at baseline, and 24 postintervention; some children were captured multiple times, and each crossing was counted independently. We failed to capture the other children because of logistical issues: many participating children simply did not cross the street outside the school gate. In some cases, they were picked up or dropped off by parents in vehicles. In other cases, they walked to/from a bus stop on the same side of the street, lived on the same side of the street as the school, or crossed the busy street elsewhere. Among those children we did observe two trends emerged (see Table IV ). First, there was a trend to follow directions from the crossing guard less frequently at postintervention, presumably because children had developed self-efficacy and learned to be safer pedestrians (e.g., dropping from 89.5 to 43.3% in the middle lane; N ¼ 25 at baseline and N ¼ 24 postintervention). This presumption is supported by the second finding, that children looked at oncoming traffic more often, especially in the lane closest to school (increase from 28.2 to 48.8%; N ¼ 25 at baseline and N ¼ 24 postintervention).
As a secondary question of interest, we also examined children's perceptions about the training. As shown in Online Supplemental Table SI, children generally reported the program was fun (57.1% rated as "pretty fun" or "really fun"; N ¼ 56) and educational (80.4% reported they learned "a fair amount" or "a lot"; N ¼ 56). Just <40% of children recommended the program to other children (39.3% yes; 26.8% not sure; N ¼ 56) and about half rated the virtual environment as very or somewhat real (50% very or somewhat similar to real streets; N ¼ 55).
We received no reports concerning adverse effects produced by using the VR intervention among participating children. Anecdotally, a few children complained of minor short-lived simulator sickness, but no participant discontinued participation because of simulator sickness.
Discussion
Our data suggest 4th graders in Changsha, China who were exposed to 12 training sessions to learn pedestrian safety in a virtual pedestrian environment delivered by smartphone learned valuable pedestrian safety skills. Following the training, their rate of collisions with virtual traffic dropped dramatically, as did their time to contact with oncoming traffic, their number of unsafe crossings, and their delay in entering safe traffic gaps. Self-report data indicate increases in self-efficacy to engage in a range of pedestrian tasks, and observational data collected from a subsample of children on the crosswalk outside their school gate support both behavioral data from the virtual environment and selfreport data on self-efficacy.
Previous research has demonstrated the potential of VR to teach children the complex skills needed to cross the street (McComas et al., 2002; Schwebel, McClure, et al., 2014; Schwebel, Combs, et al., 2016; Thomson et al., 2005) . The present results support those findings but extend them to a new culture and more chaotic LMIC street-crossing environment, as well as extending previous results from large-scale immersive or semi-immersive VR environments to a virtual environment delivered via smartphone. The fact that we were able to simulate more complex traffic in an LMIC environment offers potential for child pedestrian safety training worldwide. Our simulation allowed children to stop in the crosswalk between lanes, replicating typical street-crossing practice in much of the world. Our extension to a smartphonebased hardware platform also offers great promise for global training. Smartphone penetration to rapidly motorizing middle-income countries is pervasive. A logical first target for dissemination of child pedestrian safety training via smartphone-based VR is to those locations, where children still walk to school but the number of vehicles on the road is rapidly rising.
A struggle for researchers using VR to teach pedestrian skills to children is determining the extent of training required to achieve adult-level functioning (Schwebel, Shen, et al., 2016) . This determination is critical, as incomplete training might help but not allow children to function independently. In this study, children received 12 training sessions, a level that exceeds previously published research (which relied on one to six training sessions; McComas et al., 2002; Schwebel, McClure, et al., 2014 ; Schwebel, Combs, , 2016; Thomson et al., 2005) . Comparing effect sizes across studies with differing research designs and populations must be conducted with caution, but it is notable that our effect sizes exceed those in previous studies, perhaps partly because children received more training than in previous studies. Along with achieving safer pedestrian behavior following training, we observed increased self-efficacy to cross streets, both by self-report and as implied by reduced reliance on crossing guards. These results concord with health behavior change theory, which suggests increases in self-efficacy to engage in a health-related task will yield more confident, consistent, and habitual behavior (Bandura, 1982 (Bandura, , 1997 . By increasing children's self-efficacy to cross street safely, the children are likely to follow safe practices (e.g., looking for traffic, avoiding distractions) more consistently (Bandura, 1982 (Bandura, , 1997 Evans & Norman, 2003) .
China offered an ideal environment for our experiment. Like many middle-income countries, China is experiencing rapid motorization growth (vehicles on Chinese roads increased 912% between 2000 and 2015; National Bureau of Statistics of China, 2017), and Chinese traffic patterns are chaotic and crowded. Traffic injury rates are high. Chinese children must learn to negotiate this complex environment safely, as data suggest Chinese children commonly walk alone to and from school ). An advantage of pedestrian safety training within VR is that there is minimal cultural specificity. Generalizability to other countries, with ranging economic development, should be feasible. In fact, implications for global public health are substantial, as pedestrian injuries kill about 75,000 children around the world every year and injure tens of thousands of others. Given increasing motorization in many LMIC countries and concomitant penetration of smartphone technology in those nations, there is excellent potential to disseminate this intervention broadly.
One challenge to improve child pedestrian safety globally is the balancing of interventions to improve children's decisions while crossing roadways-the goal of the present study-with interventions designed to improve adult supervision of children in roadways. Adult supervisors, including both adults accompanying children and crossing guards who are stationed in locations where children frequently cross the road, can offer substantial protection to children (Schwebel et al., 2012) . They also have opportunity to model safe behavior and teach children safe pedestrian skills. Efforts to place and train crossing guards comprise a valuable pedestrian safety strategy that should be used in conjunction with efforts to train children in safe street-crossing skills.
From a practical perspective, implementation of the smartphone-based VR intervention in a classroombased setting was effective. We were able to train a large number of children simultaneously and efficiently. Before broad implementation of the program, a few logistical obstacles must be overcome. One challenge is financial. Although use of smartphones and Viewmasters offers an intervention that is substantially lower cost and far more portable than a semi-immersive or immersive VR environment, the cost of smartphones and Viewmasters remains a barrier. Together, the smartphone and Viewmaster each child in our study used cost about $160 US per unit, most of which was for the smartphone. One potential solution to this cost is for training to occur at home, using existing smartphones owned by parents, rather than relying on classroom-based training. A second barrier is delivery of the program. When we first introduced the VR to children in the classroom, the children became highly excited and therefore in some cases misunderstood instructions about which difficulty levels they should attempt in which order. A carefully prepared protocol to explain the program before distributing smartphones/Viewmasters would likely overcome this situation.
Our study methodology had limitations. We relied on a within-subjects design, omitting a control group; future research should use randomized trial methodology to quantify the effectiveness of VR training using smartphones. We did not follow children long term to assess retention of learned skills nor did we include a large enough sample size to capture actual injury incidents or near-incidents among our sample over time. Longitudinal research would be valuable to determine whether children retain skills learned during the intervention and whether the intervention prevents actual pedestrian injuries or near-injuries. Our observational methods were appropriate to capture a portion of the sample, but the logistical challenge that some children did not need to cross the street to reach their destination limited our sample size for the observational portion of our study. Future research should consider creative methodological strategies to capture realworld street crossing behavior along with using proxies such as VR assessment. Relatedly, we asked children to wear brightly colored and numbered shirts and buttons to aid in our coding of their behavior while crossing the street. Although this strategy eased our coding task considerably, it also may have created bias. Children, drivers, crossing guards, or others may have behaved differently given the distinctive and matching outfits the children participating in our study were wearing.
Finally, our study was limited by that fact that all participants were enrolled in one classroom in one school in one Chinese city. We expect results might generalize to other urban Chinese settings, as the skills required to cross streets are universal and road environments across China are remarkably consistent given governmental regulations for traffic engineering, but further research is needed to verify this expectation. We also expect the findings would generalize to children living in Chinese cities who have parents with lesser education or income, as the cognitive-perceptual lessons should transcend family socioeconomic status for at least two reasons: (a) most elementary schools in China are public and children from both low-and high-income families often attend the same schools and receive the same education, and (b) there are fewer neighborhood-based disparities in China, as low-and middle-or upper-class families typically live in the same neighborhoods. Generalization to rural Chinese settings is less certain, however, because of significant economic and educational disparities in rural versus urban areas of China (Shi, Sato, & Sicular, 2015) . By restricting our study to a single classroom in a single school, our sample size also was insufficient to conduct valid subgroup analyses (e.g., between boys and girls). Future research should recruit larger samples that permit subgroup analyses.
In summary, we implemented a smartphone-based VR pedestrian environment to train Chinese 4th graders in pedestrian safety. Following 12 training sessions in their classroom, the children displayed safer street-crossing behaviors and increased self-efficacy to cross safely. Future research and intervention should consider strategies to move toward broad dissemination of smartphone-based pedestrian safety training in VR to children worldwide, especially in rapidly motorizing LMICs.
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